Infections by multidrug-resistant bacteria (MDRB) remain a leading cause of morbidity and mortality after liver transplantation (LT). Gut dysbiosis characteristic of end-stage liver disease may predispose patients to intestinal MDRB colonization and infection, in turn exacerbating dysbiosis. However, relationships between MDRB colonization and dysbiosis after LT remain unclear. We prospectively recruited 177 adult patients undergoing LT at a single tertiary care center. 16 S V3-V4 rRNA sequencing was performed on 723 fecal samples collected pre-LT and periodically until one-year post-LT to test whether MDRB colonization was associated with decreased microbiome diversity. In multivariate linear mixed-effect models, MDRB colonization predicts reduced Shannon α-diversity, after controlling for underlying liver disease, antibiotic exposures, and clinical complications. Importantly, pre-LT microbial markers predict subsequent colonization by MDRB. Our results suggest MDRB colonization as a major, previously unrecognized, marker of persistent dysbiosis. Therapeutic approaches accounting for microbial and clinical factors are needed to address posttransplant microbiome health.
L iver transplantation (LT) provides the only cure for chronic cirrhosis and end-stage liver disease 1 . However, infections due to multidrug-resistant bacteria (MDRB) represent an important cause of morbidity and mortality after solid organ transplantation 2 . Patients after LT are disproportionally affected by MDRB 3 . We and others have demonstrated a critical role for intestinal MDRB colonization prior to the development of infection 4, 5 . MDRB infections, in turn, significantly impact post-LT survival [4] [5] [6] , making colonization by MDRB a critical factor in the transplant-related clinical course. Recipients of LT receive frequent and sustained antibiotic regimens and routinely experience adverse clinical events after transplantation 4, 7 . Antibiotic exposure has been well-established as an important factor in the emergence of MDRB [8] [9] [10] [11] [12] [13] , and even single antibiotic doses can negatively impact gut microbiome diversity 14, 15 . Moreover, changes in gut microbiota composition and function contribute to progression of chronic liver disease and cirrhosis pretransplant [16] [17] [18] . This suggests important yet complex interactions between MDRB, antibiotic exposure, and the gut microbiome, which directly impact pre-LT disease severity and posttransplant clinical outcomes.
The interdependence of the liver-gut axis confers an important role for gut microbiota and microbial products in healthy liver function, primarily through the regulation of lipid, choline, bile acid, and other metabolic pathways 19 . Conversely, increased gut permeability [20] [21] [22] along with quantitative and qualitative shifts in bacterial load and microbiome community structure 16, 18, 23, 24 , referred to as dysbiosis, have been associated with the progression of liver disease. Increases in pathobionts, such as Enterobacteriaceae and the corresponding decreases in protective microbiota, including Bacteroidaceae and Lachnospiraceae, have been reported in patients with liver disease, with or without cirrhosis 16, 17, [24] [25] [26] [27] [28] [29] [30] . Dysbiosis typically represents a significant perturbation in the number of taxa and their distribution within a sample (α-diversity) and/or relative similarity of overall microbial community composition across samples (β-diversity). Increased diversity represents a healthy gut 31 , as a varied commensal community may protect against overgrowth of pathogenic bacteria and help modulate the innate immune response at homeostasis 32, 33 . Mounting evidence is available regarding the association between low gut diversity and disease or poor clinical outcomes 34 .
Although dysbiosis of the intestinal microbiome is dependent upon liver disease etiology and severity 25, [27] [28] [29] [30] , the interplay between LT and dynamics of intestinal microbiota is complex and has rarely been studied. High model for end-stage liver disease (MELD) and Child-Turcotte-Pugh (CTP) scores were associated with reduced microbial diversity pre LT 16, 35 , but the impact of disease severity on the post-LT microbiome has not been reported. Previous reports with limited sample sizes found that microbial diversity decreased during the peri-operative period before subsequently increasing, and showed that reduced post-LT diversity was associated with acute cellular rejection and bloodstream infections 26, 35, 36 . However, important gaps in knowledge remain regarding associations between dysbiosis, MDRB colonization, and antibiotic use before and after LT, especially within the context of pre-transplant liver disease.
Here, we interrogate the complex relationship hypothesized between MDRB colonization and the gut microbiome after LT. Due to the likely importance of relevant clinical factors, including antibiotic exposure, liver disease, and post-transplant complications, we construct robust multivariate models assessing the ability of MDRB colonization to predict gut microbiome diversity before and after LT. Our results show that colonization by MDRB predicts reduced Shannon α-diversity throughout the posttransplant period, after controlling for the underlying liver etiology and disease severity, antibiotic exposures, and posttransplant clinical complications. Moreover, this relationship between colonizing MDRB, clinical factors, and gut dysbiosis is temporal, with specific MDRB, antibiotic classes, and post-LT complications significantly impacting microbiome diversity at different post-transplant phases. Importantly, we identify microbial markers present before LT, which predict subsequent MDRB colonization. Taken together, our results suggest MDRB colonization as a major, previously unrecognized, marker of persistent dysbiosis with clinical implications for microbiomeinformed therapeutic approaches after not only LT but also other solid organ transplantations.
Results
Altered LT microbiome during colonization by MDRB. We enrolled 195 patients pre-transplant, of whom 177 completed 1year post-transplant follow-up ( Supplementary Fig. 1 ). Patient characteristics are summarized in Table 1 . The majority of patients were male (60%), and the median age was 60 years. Hepatitis C virus (HCV) was the most common reason for transplant (n = 71, 40%), followed by nonalcoholic fatty liver disease (NAFLD; n = 30, 17%) and alcohol-related liver disease (ARLD; n = 19, 11%), and 69 patients (39%) had concurrent hepatocellular carcinoma (HCC). The median MELD was 18 (IQR 13-24), and median CTP score was 9 (IQR 7-11) at the time of LT. A high proportion of patients (65%) developed intestinal MDRB colonization at least once over the 1-year study period. This included colonization by carbapenem-resistant Enterobacteriaceae (CRE, n = 31, 18%), Enterobacteriaceae resistant to third-generation cephalosporins (Ceph-RE, n = 83, 47%), and/or vancomycin-resistant enterococci (VRE, n = 77, 44%).
We first analyzed within-sample α-diversity, which incorporates the richness (number of taxa) and evenness (how these taxa are distributed) within the community. In unadjusted linear mixed-effect regression (LME) analysis, CRE, VRE, and Ceph-RE colonization were each associated with reduction in both Shannon and Chao α-diversity across all time points (LME Shannon p < 0.0001; Chao p < 0.01, Supplementary Data 1). VREcolonized (culture-positive) compared with VRE-negative samples showed the most drastic reduction in both diversity indices (mean ( ± standard deviation) Shannon of 2.32 ± 0.86 vs. 3.08 ± 0.73 and Chao of 189 ± 73 vs. 250 ± 75, respectively).
Microbiome β-diversity compares microbial communities between samples by generating a dissimilarity matrix, with pairwise distances calculated for every pair of samples. The permutational multivariate analysis of variance (PERMANOVA) test can then be used to assess whether the overall microbiome community structure (presence and relatedness of taxa across samples) is significantly different across two groups based on the β-diversity distance matrix. In our cohort, UniFrac β-diversity differed significantly in samples collected during colonization by CRE, VRE, and Ceph-RE, and in any MDRB-colonized compared with noncolonized samples (each PERMANOVA P = 0.001, Fig. 1 , Table 4 ). Patients colonized with MDRB within 1 year post-LT also had significantly altered β-diversity across all time points (PERMANOVA P = 0.001, Table 4 ).
Antibiotic exposure and gut microbial diversity. There were remarkably high levels of antibiotic exposure in the study cohort. From 6 months pre-LT to 1 year post-LT, the median number of days spent on inpatient antibiotic courses was 16 (IQR 8-33) ( Table 1) . Notably, 21 patients (12%) received >60 days of antibacterial treatment. Furthermore, the vast majority (96%) of patients received courses of multiple antibacterial agents throughout the study period (median five agents, IQR 3-7), with 12 patients (7%) receiving at least 10 different antibacterials.
Antibiotic exposure within 14 days prior to sample acquisition was associated with significantly decreased gut microbial diversity at any phase pre-and post-LT (LME Shannon p < 0.0001; Chao p < 0.0001) in univariate mixed-effect regression (Supplementary Data 1). Gut community structure was also significantly altered in samples collected within 14 days of treatment with any antibiotic, regardless of drug used or pre-/post-LT sampling time point, compared with samples not collected within this window (UniFrac PERMANOVA P = 0.001) (Table 4) . Importantly, we observed that the effect of antibiotic exposure on gut α-diversity was dependent on antibiotic class. In univariate regression analyses, exposures to group 2 β-lactams (including thirdgeneration cephalosporins and first-generation β-lactamase inhibitor combinations (e.g., piperacillin-tazobactam)), glyco-/ lipo-peptides (e.g., vancomycin and daptomycin), and carbapenems within 14 days were associated with significantly lower αdiversity both pre-and post-LT (Tables 2, 3) . Fluoroquinolone exposure was also associated with reduced α-diversity up to 6 months post-LT. This association was not observed in the later post-LT period. Exposure to penicillins and firstand secondgeneration cephalosporins (denoted as group 1 β-lactams) did not have a significant association with α-diversity in either direction (Supplementary Data 2).
Clinical predictors of pre-transplant gut microbiome diversity. In order to construct a robust multivariate model describing the roles of MDRB and antibiotic exposure before transplantation, we assessed associations between multiple clinical confounders relevant to end-stage liver disease and the pre-transplant microbiome by using linear regression models (LM).
Patient demographics (age, race, ethnicity, and sex) were not significantly associated with pre-transplant α-diversity (Supplementary Data 1). However, the underlying liver disease etiology was significantly associated with pre-LT gut microbiome diversity (LM Shannon P < 0.01; Chao P < 0.01; Table 2 ). In particular, ARLD patients had significantly lower Shannon α-diversity than those with other etiologies (Figs. 2a, 3, Table 2 ). In contrast, patients with HCC had significantly higher Shannon α-diversity than those without cancer (LM P < 0.05). Patients with ARLD also had distinct pre-LT microbiome community structure compared with other diagnoses (UniFrac PERMANOVA P = 0.014) ( Fig. 2b , Table 4 ).
ARLD patients had significantly lower Faecalibacterium prausnitzii and were enriched in Streptococcus and Lactobacillus OTUs, including Lactobacillus zeae, in differential abundance testing as identified by DESeq2 (FDR-adjusted P < 0.05) (Supplementary Data 3). Given the potential for high false-positive rates by using DESeq2 37 , however, we also used the Analysis of Composition of Microbiomes (ANCOM) method to refine our identification of bacterial taxa enriched across group comparisons 38 . By using ANCOM, we confirmed that several Streptococcus and Lactobacillus OTUs, and L. zeae, were differentially enriched pre-LT in patients with ARLD (W-statistic > 0.7) (Supplementary Data 4).
Patients with severe liver disease (MELD > 18 or CTP class C) had significantly lower pre-LT bacterial α-diversity ( Fig. 2c , e, Table 2 ; Supplementary Data 1). High-MELD patients harbored distinct pre-LT microbiome structures compared with low-MELD patients (UniFrac PERMANOVA P = 0.001) ( Fig. 2d , Table 4 ). DESeq2 identified significant enrichment in Enterococcus casseliflavus, Veillonella dispar, and L. zeae in high-MELD patients, and differential enrichment of F. prausnitzii, Dialister, Bifidobacterium bifidum, and Bifidobacterium adolescentis, and multiple Bacteroides OTUs in low-MELD patients (FDR-adjusted P < 0.05) (Supplementary Data 5). ANCOM analysis identified significant enrichment of Enterococcus and Lactobacillus zeae in high-MELD patients and of taxa traditionally associated with a healthier gut (Lachnospiraceae, F. prausnitzii, Collinsella aerofaciens) in low-MELD patients (W > 0.7; Supplementary Data 6).
Patients with CTP class C also had distinct microbial communities compared with CTP class A patients, while CTP class B communities overlapped with both class A and C (UniFrac PERMANOVA P = 0.001; Fig. 2f , Table 4 ). CTP class C was associated with significant enrichment in several Enterococcus and Lactobacillus OTUs, while class A was characterized by enrichment in F. prausnitzii, Bifidobacterium, similarly to patients with low MELD (DESeq2, FDR-adjusted P < 0.05) After adjusting for ARLD diagnosis, CTP score, and recent exposure to glyco-/lipo-peptides, VRE (P < 0.1) and CRE (P < 0.01) colonization at sampling were independent predictors of reduced pre-LT Shannon α-diversity in a multivariate LM model (overall P < 0.0001) ( Table 2 , Fig. 4 ).
Distinct gut microbiome dynamics across post-operative phases. We also observed distinct dynamics in gut microbiome αdiversity and β-diversity across three post-transplant phases: the peri-operative (weeks 1-3), early post-transplant (months 1-3), and late post-transplant (months 6-12) periods ( Fig. 3 ). All patients displayed a significant shift in microbial community structure immediately after transplant compared with pre-LT, and from pre-and peri-LT to post-LT (months 1-12) regardless of diagnosis (UniFrac PERMANOVA P = 0.001) ( Fig. 3 , Table 4 ).
We used constrained linear mixed-effect (CLME) analysis to test for significant changes in α-diversity over time within each disease group (Supplementary Data 9, 10). Based on global bootstrap LRT testing through CLME, both Shannon and Chao α-diversity significantly differed across time points for most major diagnoses (autoimmune hepatitis (AIH), ARLD, biliaryrelated disease, and HCV; CLME P < 0.05). Only Chao α-diversity showed a significant longitudinal progression in patients with NAFLD (CLME Shannon P = 0.140; Chao P < 0.05), and hepatitis B virus (HBV) patients showed no significant temporal trend in either α-diversity metric. Of note, for patients with ARLD, both Shannon and Chao α-diversity were the lowest pre-LT, while for all other diagnoses, week 1 post-LT represented the most significant reduction in α-diversity. More granular comparisons across time points by using CLME (individual θ and P-values) revealed interesting trends in α-diversity over time: for patients with AIH, biliary-related etiologies, and HCV, increases in αdiversity were significant (P < 0.05) primarily between week 3 to month 1 post-LT and month 3 to month 6 post-LT. This further justified our decision to analyze the early (months 1-3) and late (months 6-12) post-LT phases separately in subsequent analyses. In contrast, ARLD patients, likely due to low pre-LT diversity, had a drastic increase in Shannon and Chao α-diversity earlier in their post-LT course (pre-LT to week 2 post-LT).
We identified several clinical parameters that were significantly associated with peri-LT gut microbiome α-diversity and β-diversity in univariate regression analyses. Higher CTP score and MELD were both associated with decreased α-diversity (LME Shannon and Chao P < 0.0001) through the peri-LT period ( Table 2 ). Bleeding within 7 days of transplant (n = 34, 19%; Table 1 ) and adjusted perioperative antibiotic regimen were associated with significantly lower peri-LT α-diversity (Table 2) . Patients requiring peri-operative antibiotic regimen adjustment additionally had altered β-diversity (PERMANOVA P = 0.001) throughout the peri-operative period ( Table 4 ). Patients with ARLD and HBV had distinct β-, but not Shannon α-diversity, from all other patients during the peri-LT time period ( Table 2, Table 4 ; Supplementary Data 1). Compared with pre-LT samples, the peri-LT microbiome was significantly enriched (DESeq2, FDR-adjusted P < 0.05) in multiple OTUs within Clostridiales, Streptococcus, and Enterococcus (including E. Regardless of liver disease etiology, the early and late post-LT phases were characterized by distinct microbiome communities (UniFrac PERMANOVA P = 0.001; Fig. 3 ). Differential abundance testing by using DESeq2, controlling for liver disease, revealed that early post-LT samples were enriched in Clostridiales, and had significantly lower levels of Lactobacillus and Bacteroides compared with peri-LT samples (Supplementary Data 12). Late post-LT samples were, in turn, significantly enriched in Ruminococcus bromii, Butyricicoccus pullicaecorum, and Blautia producta compared with early post-LT, and had significantly lower levels of Enterococcus and Streptococcus (Supplementary Data 13). We also used ANCOM to analyze the differential abundance of gut microbiota across transplant phases while adjusting for repeated sampling and liver disease etiology. As with DESeq2, both pathogenic taxa-e.g., Enterococcus (including E. casseliflavus), Lactobacillus (including L. zeae), and Streptococcus-and protective taxa-e.g., F. prausnitzii and Ruminococcaceae-were differentially abundant across pre-LT to post-LT phases ( Supplementary Data 14) .
Based on the patterns observed in both α-diversity and βdiversity, as well as differential abundance of specific microbiota, we used separate regression models to assess modulation of post-LT gut microbiome diversity during the early (months 1-3) and late (months 6-12) post-transplant periods ( Table 3 ). As during peri-LT, liver disease severity, peri-operative antibiotic adjustment, and post-operative bleeding were associated with lower αdiversity during early and late post-LT in unadjusted mixed-effect regression. We also found significant univariate associations between postoperative biliary complications, and readmission to the hospital and/or intensive care unit (ICU), and early and late post-LT α-diversity.
In multivariate models, MDRB colonization was significantly associated with reduced α-diversity throughout the post-LT course ( Table 3) , although individual MDRB were prominent during different post-transplant phases. Colonization by Ceph-RE was an independent predictor of reduced peri-LT Shannon αdiversity (P < 0.05) after adjusting for exposure to group 2 βlactams or fluoroquinolones, high CTP score, peri-operative antibiotic regimen adjustment, and postoperative bleeding (multivariate LME model P < 0.0001) ( Fig. 4) . Early post-LT Shannon α-diversity was negatively associated with colonization by CRE (P < 0.01) after adjusting for exposure to group 2 βlactams, glyco-/lipo-peptides, or fluoroquinolones, transplant MELD, peri-operative antibiotic adjustment, and bile leak within 1 year post-LT (multivariate LME P < 0.0001) ( Fig. 4) . In contrast, VRE colonization (P < 0.0001) was significantly associated with late post-LT Shannon α-diversity in a multivariate model after adjusting for MELD, peri-operative antibiotic regimen, bile leak, or biliary stricture within 1 year post-LT, and exposure to group 2 β-lactams (multivariate LME P < 0.0001; Fig. 4 ). Patients colonized with any MDRB within 1 year of transplant had significantly distinct β-diversity compared with those who were never colonized (PERMANOVA P = 0.001; Table 4 ). Importantly, these patients had increased levels of Enterococcus and Klebsiella and reduced levels of Bacteroides, Faecalibacterium, and Lachnospira not only during colonization but also throughout the entire study period ( Supplementary Fig. 2 ). Differential 
Discussion
Liver cirrhosis has been associated with profound changes of the gut microbiota. Here, we demonstrate in a large prospective cohort of LT patients that severity and etiology of the underlying liver disease, along with antibiotic exposure and peri-and post-LT transplant-related complications, significantly contribute to modulation of the gut microbiome well into the post-transplant period. Furthermore, our results indicate a strong, likely bidirectional, association between microbiome diversity and intestinal colonization with MDRB. Dense longitudinal sampling and rich MDRB-related data uniquely positioned our cohort to provide a granular view of microbial dynamics after LT and allowed for robust evaluation of critical pathogen-commensal, and specifically drug-resistant pathogen-commensal, relationships within the context of LT. We identified microbial signatures of colonization by MDRB, and by CRE, VRE, and/or Ceph-RE specifically. Patients who developed MDRB colonization within 1 year post-LT had distinct β-diversity compared with those who never became colonized, with increased Enterococcus and Klebsiella and reduced levels of Bacteroides and Lachnospira throughout the entire study period. Importantly, pre-LT microbial β-diversity and levels of specific taxa were also significantly altered in patients who subsequently developed MDRB colonization. More specifically, we identified low pre-LT α-diversity as a significant marker for CRE colonization after transplantation. This suggests that gut microbial health prior to LT is a major contributor to post-transplant complications related to MDRB.
Our results significantly expand current understanding of the dynamic post-transplant evolution of the gut microbiome. In addition to colonization by MDRB, we established the long-term role of liver disease severity and etiology (i.e., ARLD), in terms of CTP score and MELD, on the gut microbiome throughout the pre-, peri-, and even late-post-LT periods. E. casselflavius and L. zeae enriched pre-LT in patients with ARLD, as well as those with high MELD and/or CTP, emerged as potential biomarkers for poor microbiome health; these taxa were also enriched during VRE colonization and in the peri-LT compared with the pre-LT period across the patient cohort. The loss of protective taxa such as F. prausnitzii, Ruminococcaceae, Lachnospiraceae, and Bacteroidaceae, and an increase in pathogenic or inflammatory taxa 16, 19 , such as Enterococcus and Enterobacteriaceae, were also key signatures by using multiple differential abundance testing methods. We also identified post-transplant clinical complications that were independently associated with decreased microbiome diversity at peri-and post-LT phases, including postoperative bleeding within 1 week of transplant, bile leak, and biliary stricture within the study period.
The robust antibiotic usage data available and high rates of antibiotic exposure in our cohort allowed us to interrogate the importance of specific antibiotic classes in shaping the gut microbiome. The observed reduction in α-diversity with recent antibacterial exposure was expected based on previous reports 14, 15, 39, 40 . However, our ability to detect antibacterial class-dependent effects on gut α-diversity, most notably group 2 β-lactams and glyco-/lipo-peptides, is unique. Moreover, samples that were collected within 14 days of treatment with any antibiotic clustered separately, regardless of drug used or pre-/ post-LT sampling time point, from samples not collected within this window, indicating that the gut community is still significantly altered even 2 weeks after the most recent antibiotic course. These findings have direct relevance for clinical use of specific antibacterial agents, given their impact on the gut microbiome, and for long-term complications and outcomes after LT, such as metabolic syndrome. Moreover, these dysbiotic changes due to antibiotic exposure were profound despite the high incidence of post-transplant complications.
In addition, the results reported here have important implications for clinical management in the liver and other solid organ transplantation. We identified distinct temporal signals for the relationship between colonization by specific MDRB and the gut microbiome. Before LT, both CRE and VRE colonization were predictors of reduced α-diversity. In the peri-LT period, Ceph-RE colonization was a significant predictor of lower α-diversity. CRE colonization again was significantly associated with early post-LT α-diversity in our multivariate models, as was VRE colonization in the late post-LT phase. These findings, in connection with our previous work 5 , point to enrichment of CRE and VRE before LT in the setting of severe liver disease. The subsequent selection for Ceph-RE in the peri-LT period may be linked to the standard prophylactic antibiotic regimen prescribed (i.e., ampicillin/sulbactam), while frequent antibiotic use and complications likely led to the reemergence of CRE and VRE later in the posttransplant course. Preliminary evidence also suggests that the metabolism of tacrolimus is affected by certain gut microbiota, primarily Clostridiales, with potential ramifications on the variability of immunosuppression in transplant recipients 41 . Clinical decisions should therefore be made with specific considerations for microbial health to ensure long-term restoration of health after transplantation.
Without universal screening protocols, MDRB colonization is a silent predictor of subsequent infection 5 . However, we found that pre-transplant microbial dysbiosis is associated with increased likelihood of subsequent colonization by MDRB, which may inform preventive or interventional practices. For example, prevention of bacterial infections post-LT by using pre-or probiotics has previously been attempted [42] [43] [44] [45] , yet our results highlight the importance of clinical interventions aimed at preventing MDRB colonization as well as infection.
Recently, microbiome-targeted therapeutic approaches have become an area of significant interest, and have been used in limited clinical settings 42, [44] [45] [46] . Probiotics or FMT, for example, may offer benefits to patients; however, they do not come without potential risks or side effects 47 . Identifying high-risk patients by microbial and/or clinical signatures will allow for tailored interventions with improved outcomes. Beyond the presence of MDRB, the need for peri-operative adjustments to antibiotic regimen, repeated exposures to class II β-lactams and/or glyco-/ lipo-peptides, or the identification postoperative bleeding, bile leak, and/or biliary stricture could be useful markers to trigger microbiome interventions at specific pre-and post-transplant phases, as shown by our multivariate modeling. 
ARTICLE
There are several limitations of this study. First, this was a single-center study, and LT cohorts, procedures, and outcomes may differ at other centers. Second, not all patients transplanted during the study period at our center participated; however, enrolled and non-enrolled patients did not differ in their clinical and demographic characteristics 5 . Third, our focus was the diversity and relative prevalence rather than absolute abundance of microbiota and may not address potential relationships between, for example, gut bacterial overgrowth and clinical outcomes. We did not have information on donor antibiotic exposures or MDRB colonization, though these variables are unlikely to impact post-transplant MDRB colonization. We do not have information on the birthplace or recent travel history of participants, although note that recent travel is limited in this population. Moreover, comparative genomics of CRE and Ceph-RE isolates demonstrated that these were closely related to clones circulating in our geographic region, making acquisition abroad less likely 5 . Last, not all patients provided pre-transplant samples, and not all patients contributed samples to all post-LT time points. Nevertheless, our data represent the largest LT cohort reported with extensive longitudinal follow-up period. The robustness of our cohort allowed for interrogation of multiple predictors/confounders in multivariate statistical models, including multiple liver disease etiologies and post-transplant complications, although we were likely unable to account for all potential confounders.
Our results highlight complex modulation of the gut microbiome by dominating bacteria, which are not only pathogenic but also drug-resistant. Beyond the direct impact on clinical decision-making in the case of LT, the growing importance of MDRB during and after transplantation of other solid organs makes our findings more broadly applicable. Ultimately, the use of microbial diversity and dysbiosis as a screening tool could allow clinicians to predict and ultimately mitigate or prevent complications, including those involving MDRB, during the post-transplant clinical course.
Methods
Patient recruitment and sample collection. We prospectively recruited consecutive adult patients (age ≥ 18 years) undergoing LT at a tertiary care hospital between March 2014 and January 2017 5 . All participants provided informed consent. Fecal samples were collected at the time of enrollment, weekly during transplant hospitalization, and 2, 3, 6, 9, and 12 months post transplant ( Supplementary Fig. 1 ) and stored at −80°C. Sampling time points were aligned with standard postoperative clinic visit schedules at our center. We defined pre-transplant, peri-transplant (weeks records. Samples were coded based on receipt of at least one dose of a given antibiotic class (intravenous or oral) up to 14 days prior to sample collection to optimize identification of post-treatment alterations in microbial communities over a range of antibiotics 40 (see Supplementary Methods) . Standard peri-operative (i.e., ampicillin/ sulbactam) and post-transplant (i.e., trimethoprim/sulfamethoxazole) prophylaxis were not included in our antibiotic exposure analysis, as all patients were expected to receive standard regimens. However, we separately evaluated the impact of adjustments to peri-operative antibiotics, primarily due to antibiotic allergies or prior MDRB colonization and/or infection per discretion of the clinical team, compared to standard peri-operative antibiotic prophylaxis. The data on clinical covariates were collected including demographics, comorbidities, transplant indication, and liver disease severity at the time of LT (MELD 48 , CTP score). The primary etiology of liver failure was classified as one of the following: HCV, NAFLD, ARLD, AIH, HBV, biliary causes (see Supplementary  Methods) , polycystic liver/kidney disease, or cryptogenic liver disease. Concurrent HCC was documented. For the surgical procedure, we collected ischemia time, donor type, and peri-and postoperative complications from enrollment until 1 year post transplant, including postoperative bleeding, biliary complications, and readmission to the hospital and/or ICU. In contrast to the complex liver-gut interactions found in patients with liver disease and cirrhosis, the transplant of healthy livers into a sick patient is unlikely to be influenced by dynamics of the donor gut. Therefore, we did not consider donor antibiotic exposure or MDRB colonization data in our modeling. Full details regarding patient, transplant, and outcome metadata coding are described in Supplementary Methods.
DNA extraction, library preparation, and sequencing. We extracted DNA from stool samples by using the MagAttract PowerSoil DNA Kit and amplified the 16S rRNA V3/V4 region by using established primers with Illumina Nextera adaptors 49 . Libraries were multiplexed by using Illumina Nextera XT Index kits, normalized, and pooled with 10% PhiX prior to sequencing on an Illumina MiSeq or HiSeq (Supplementary Methods). Sequencing data are publicly available through the NCBI Sequencing Read Archive (SRA) (accession number SRP185798 [https://www.ncbi.nlm.nih.gov/sra/?term=SRP185798]) after filtering any human-derived sequences.
16S rRNA microbiome analysis. 16S rRNA sequences were processed by using QIIME 50 and R v3.3.0 51 . Demultiplexed FASTQ sequences were quality-filtered, trimmed, de-replicated, and filtered for chimeric sequences by using QIIME through the National Institute of Allergy and Infectious Diseases Nephele platform 52 . Filtered sequences were clustered into operational taxonomic units (OTUs) at 97% similarity and aligned against the Greengenes 97% database for taxonomic classification. OTUs with an average relative abundance of <0.005% across all samples were filtered by using the phyloseq v1.19.1 53 package via Bioconductor 54 in R. Within-sample α-diversity (Shannon, Chao) and across-sample pairwise distance or β-diversity (Bray-Curtis, UniFrac, and weighted UniFrac) were calculated by using phyloseq. Based on α-diversity rarefaction, we applied a minimum cutoff of 7500 counts for inclusion in the analysis. We sequenced 723 fecal samples; 703 samples (median 4 per patient) passed the minimum count cutoff and were included in this analysis ( Supplementary Fig. 1 ).
Statistical testing of microbiome and clinical data. Normal distribution of αdiversity metrics was confirmed by using the Shapiro test in R. Univariate linear regression models (lm in R) with α-diversity as the outcome were used for singletime-point analyses (e.g., pre-LT or week 1 diversity). Linear mixed-effect regression models (LME; lme4 and lmerTest packages in R) were used when evaluating multiple time points to account for serial sampling (e.g., peri-LT or post-LT diversity). We first assessed univariate associations between microbial and clinical predictors relevant to the pre-, peri-, and early and late post-LT periods and microbiome αand β-diversity. Predictors resulting in P-values ≤ 0.1 in univariate analysis were used to construct multivariate models BY using backward selection. We used either linear (pre-LT) or linear mixed-effect (peri-and early and late post-LT) regression to evaluate the ability of clinical and microbial factors to independently predict Shannon α-diversity during the following sampling periods: (1) pre-transplant; (2) peri-transplant (weeks 1-3); (3) early post-transplant (months 1-3); (4) late post-transplant (months 6-12). We compared the multivariate LME models with null models for each sampling period, including only random effects due to inter-patient variability, by using ANOVA to obtain overall P-values.
In order to assess temporal trends in mean α-diversity within each liver disease etiology population (Fig. 2) , we used constrained linear mixed-effect (CLME) modeling by using the CLME package in R 55 . Principal coordinate analysis through phyloseq and permutational multivariate analysis of variance (PERMANOVA) tests through vegan v2.4-4 56 were used to test differences in microbial community composition (β-diversity) across groups based on pairwise UniFrac distance matrices. PERMANOVA tests the null hypothesis that the centroids and dispersion of objects across multiple groups are equivalent; therefore, significance indicates that objects cluster differently (different centroid and/or spread) across groups. DESeq2 v1.14.1 57 was used to identify differentially abundant bacterial taxa, with significance defined as P < 0.05, and Benjamini-Hochberg-adjusted P (FDR) <0.05. Due to the potential for high false-positive rates by using DESeq2 as described previously 37 , we also performed Analysis of Composition of Microbiomes (ANCOM) 38 by using the ANCOM 2.0 package in R to refine our identification of bacterial taxa enriched across sample groups. All W-statistic cutoffs from ANCOM output (0.6, 0.7, 0.8, and 0.9) are reported in each supplementary table; for interpretation, significance was defined as W>0.7.
